Abstract-Passive linkages were developed to improve grasp functionality and minimize a prosthetic terminal device's number of user-controlled inputs. The linkages act to stabilize grasped objects and substitute for the palp of normal anatomical fingers. The Southampton Hand Assessment Procedure was used to compare the normal anatomical hand, this prototype, and a commercially available (Hosmer) hook. In testing, prosthetic terminal devices took three times as long as the normal anatomical hand to perform tasks. Nevertheless, heavyweight power and spherical grasps were improved with the use of the new mechanism compared with the commercial hook. Conversely, precision grasps were worsened because of the lack of a high-friction surface on the distal end of the prototype.
INTRODUCTION
Prosthetic hands (terminal devices) should be simple for persons with amputations to use and should contribute to their performance in grasping tasks. Different terminal devices are beneficial to activities of daily living (ADL) to varying degrees. Some terminal devices are specific to a narrow scope of applications, e.g., kayaking [1] or weight lifting [2] , while others, like conventional hook terminal devices, can be used across a wide variety of activities. Like any tool, a terminal device might enhance performance in some situations but be neutral or detrimental in others.
The purpose of this study was to measure the enhancement or detriment caused by the introduction of passive four-bar mechanisms at the point of contact between a hook terminal device and a grasped object.
DESCRIPTION OF FOUR-BAR MECHANISM
Normal anatomical human hands have a compliant surface on the fingers: the finger pulp that is the fingerobject interface. The interface for typical hooks is a rigid, nonadaptive surface. In our prototype, we used a crossed four-bar linkage system as a rigid adaptive interface. The links are labeled L 1 , L 2 , L 3 , and L 4 ( Figure 1 ) and their respective lengths are given in Table 1 . L 3 , the grasp surface, was coated with a high-friction material.
We analyzed the stability of the four-bar mechanism by using the principle of virtual work in Ramirez et al. [3] . In this analysis, we found that the fingertip mechanism adapts to the location and direction of the applied force, achieving a stable L 3 orientation for a wide variety of contact points and loading directions through which the force might be applied, and that the stability of the link is indifferent to the magnitude of the force applied to it (assuming that the force does not damage/deform the mechanism).
METHODS

Subjects
The study was a within-subject repeated-measures design. The protocol was approved by the University of South Florida Institutional Review Board. As in Lake [4] , the subjects in our study did not have amputations; thus, they could complete the protocol under three different conditions: normal anatomical hand, hook prosthesis, and four-bar linkage prosthesis. The subjects' use of prosthetic hooks was accomplished by means of a pseudoprosthesis that allows subjects without amputations to open and close a prosthetic hand located just past their closed fist while wearing the same body-power harness worn by persons with amputations. In using subjects without amputations, we could avoid significant withinsubject differences in upper-limb amputation level and function. The effect, studied by Lake, of a subject's previous experience with a specific terminal device could also be minimized [4] .
For this research, 10 subjects (8 males and 2 females) between the ages of 18 and 25 were selected and proper informed consent was obtained. Personal history was collected from each person, including age at time of the assessment, race/ethnicity, and sex. The selected age interval was convenient in the university setting: a normative database has been established as the benchmark of normal hand function in that age range [5] and the age range reduces potentially significant variations within the group. A previous study has shown a slight increase in the time to complete the task with age [6] .
Southampton Hand Assessment Procedure
The Southampton Hand Assessment Procedure (SHAP) determines the effectiveness of a terminal device in grasp and manipulation by evaluating unilateral upperlimb performance. The SHAP consists of 26 timed tasks: 12 tasks involve grasping abstract objects such as spheres and prisms and 14 tasks simulate ADL. The tasks are performed by seated subjects in a standard order under the observation of an assessor, who records time to completion. The SHAP is designed to be a standardized and objective method of evaluating pathological hand function. The SHAP has undergone validation and reliability studies that support its use as an objective assessment tool [5] . However, this may be its first use in the evaluation of prosthetic hooks.
Light divided the 14 ADL into 6 prehensile patterns: A = spherical grip, required in 10 percent of the tasks; B = tripod pinch grip, required in 10 percent; C = power grip, also known as cylindrical or hook grip, required in 25 percent; D = lateral pinch grip, required in 20 percent; E = tip pinch grip, required in 20 percent; and F = extension grip, required in 10 percent [5] . Thus, a full range of natural grips is evaluated by the SHAP tasks, which are listed in Table 2 . For these tasks [5] , the opposite hand acts only as a stabilizer, thereby ensuring the functional assessment of the hooks.
Procedures
The subjects were asked to perform the SHAP tasks using their nondominant hand, a standard hook (Hosmer; Campbell, California) (Figure 2) , and an adapted hook with the four-bar linkages attached (Figure 3) . Each task was performed three times. The subjects were allowed a few minutes to familiarize themselves with each condition and to practice each task before being timed. The detailed protocol is reported by Light [5] . The normalhand results were used to obtain the normative data for the test. A boundary condition of eight times that of the average time, , for normal hands to perform a task was imposed during hook testing to prevent a subject from taking too long [5] . This definite, if arbitrary, limit on the time allowed to perform a task provides a numerical value that can be used when subjects are unable to perform a task. Time measurement for each task began when the subject pressed the button on the SHAP stopwatch. For tasks 1 to 12 (Table 2) , subjects picked up each abstract object from the SHAP board, moved it through an obstacle, and placed it on the SHAP board; the opposing hand was only used in tasks 14 and 17, as specified by the SHAP protocol, to stabilize the grasped objects. For tasks 13 to 26, subjects simulated different ADL ( Table 2) . Time measurement for each task ended when the object was placed on the SHAP board and the button on the SHAP stopwatch was pressed. The time was then read by the participant and recorded by the assessor. The SHAP's self-timed nature eliminates the need for subjective assessor opinion. The Index of Functionality (IOF) score given by the SHAP test is a normalized percentage [7] : 100 percent indicates normal hand function and 0 percent indicates minimal hand function, with minimal specified by the SHAP protocol as eight or more times slower than normal and normal determined by the subjects' average performance, , on the tasks with their healthy nondominant hand. The minimal function cutoff value permits data aggregation by making a necessary, if slightly arbitrary, value judgment as a compromise. Providing a standard time for the uncompleted tasks avoids analysis of only the completed tasks as an indication of the person's hand function. In addition, a floor effect caused by the uncompleted tasks is avoided. On the other hand, arbitrary large values assigned to incomplete tasks may decrease the sensitivity of the SHAP on tests that are completed. The total IOF score is made up of six subscores for each of the different hand grips: lateral, power, tripod, tip, extension, and spherical. The IOF is intended to distinguish between levels of function and may be obtained for each task and aggregated to describe prehensile patterns, the degree of use of the four bars, and the overall relative function of the two hooks as compared with a normal hand.
Some modifications, as given in Table 3 , were made to the standard SHAP protocol to permit task completion with the prosthetic hooks.
Statistical Test
A statistical test of significance, the McNemar test of symmetry, was used to compare the success rates of the Hosmer hook and the hook with four bars.
RESULTS
The median, inner quartiles, minimum, and maximum normalized times for the Hosmer hook, the adapted hook, and the anatomical hand are shown in Figures 4 and 5.
Because our objective was to determine the benefit or detriment associated with the use of the four-bar mechanisms, we noted when the grasping strategies employed by the subjects utilized the four bars and when they did not. Because the four bars were attached proximally on the hooks and small objects were grasped distally, tasks involving the manipulation of small objects tended not to involve the four bars. Conversely, tasks requiring the manipulation of large objects always involved the four bars. Curiously, in some tasks, differences existed between users as to whether the four bars were used or not. The tasks are categorized by the degree of four-bar use in Figure 6 .
The overall IOF was 65.75 (range: 56.93-78.61) for the Hosmer hook and 66.05 (range: 56.47-75.79) for the adapted hook with the four bars. One caveat in interpreting the IOF is that some of the tasks could not be completed by some subjects. This increases the timing (because the boundary condition of eight times the mean normative value is used) and decreases the IOF.
The IOF for each prehensile pattern, shown in Table 4 , is calculated from the abstract objects listed in Figure 4 and the ADL listed in Figure 5 , which are grouped into prehensile patterns according to the "natural" grip classification given in Table 2. In the spherical and power grasps, the adapted hook had a better average IOF. This result is in part due to the higher completion frequency with these grasps. Conversely, in the tripod, lateral, tip, and extension grasp patterns, the adapted hook had a lower IOF. In many of these tasks, the linkages were not used.
For the tasks in which 100 percent of the subjects used the four bars, the mean IOF was 72.06 for the Hosmer hook and 79.40 for the adapted hook. Table 5 shows that with the adapted hook, subjects were able to perform 10 of 11 tasks in less time, the exception being moving a tray. The largest improvements with the adapted hook were in the tasks heavyweight spherical, heavyweight power, removing the jar lid, and pouring water from a jug.
The mean IOF in the tasks for which 0 percent of subjects used the four bars (Table 6) shows the importance of the shape and material of the hook. For the tasks page-turning, turn a key, and open/close a zipper, the subjects used the inner side and tips of the hooks. The significant difference in the task open/close a zipper occurred because the adapted hook does not have high-friction material on the inner side of the hook and the Hosmer hook has a rubber coating on the tips and sides.
For the tasks listed in Table 7 , some of the subjects used the four bars when using the adapted hook. Using the adapted hook, subjects were able to perform only three of nine of this subset of tasks in less time than when using the Hosmer hook. Table 8 records activities with unsuccessfully completed tasks. We determined the statistical significance of the relative success rates with the standard and the 
DISCUSSION
As noted previously, the SHAP test calls for a boundary condition to be imposed whenever a test goes beyond eight times the mean normative time for the task. Noncompletion of a task poses a statistical dilemma because the basis for comparison, i.e., the time for completion, is undefined for those tasks. Conversely, differences in the completion rates between the two different hooks are a key indication of improvement or deterioration of function. The adapted hook is an improvement for tasks requiring the manipulation of large, heavy, and round objects. Unfortunately, our current design does not incorporate the four bars at the distal end of the hook and so our results on grasping tasks involving small objects and precision grasps support the use of a high-friction tip but indicate nothing about the use of four-bar passive surfaces at the distal end of a hook.
Our results are comparable to those of Gilad, who studied prosthetic-hook design and broke the manipulation of an object into five different components: reach, grasp, movement, position, and release [8] . His results indicated that the grasp portion of object manipulation was the major contributor to longer manipulation times in people with amputations. He also proposed a hook redesign based on the standard lyre-shaped hook, which offered improved grasp for spherical or ball-shaped objects. Our results may also be compared with those of Light, who performed SHAP evaluation on three young (16-18 years old) subjects with amputations using myoelectric hands [5] . Their overall IOFs using the hands were 48.07, 42.73, and 37.02. The three subjects had prehensile pattern scores that were generally less than those [6] . This work indicates that improvement in grasp function is possible with the use of passive fingertip mechanisms. In particular, we note that at some tasks, an exceptional user of the adapted hooks could achieve performance times comparable with those achieved with the anatomical hands. Because work by Miller et al. indicates that prosthetic control deteriorates even with electromyography in systems with more than two degrees of freedom [9] , passive grasping systems, such as these four-bar linkages, are likely to continue to have a role in improving prosthetic function.
Uncontrolled variables in the testing were-1. Individual attributes of the subjects: Some seemed to be quick learners and were able to perform the tasks with relative ease. Upper-body strength also seemed to help some subjects open the hook faster. Stronger subjects were also able to use two rubber bands, while weaker subjects used only one, causing a disparity in prosthetic grip force. 2. Frustration: Some subjects became frustrated at being unable to complete tasks. Scores for difficult ADL, such as picking up coins, undoing buttons, simulating food cutting, pouring water, and opening/closing a zipper, may have been affected by subjects becoming frustrated. 3. Rubber bands: The rubber bands, which provide passive closing of the hooks, were changed after every two subjects to reduce the bands' tendency to degrade over time. 4. Hook order: Five subjects used the standard Hosmer hook first and five used the adapted hook first. Their scores using their second type of hook may have been improved because of increased experience using a terminal device. Future research should expand on the findings of the current study. The within-subject research design in a controlled environment provides an excellent opportunity to minimize the variability between subjects and focus on the differences between prosthetic mechanics. Controlling for aspects of the terminal device other than the experimental mechanism allows for more critical analysis of its beneficial or detrimental aspects. Similar controlled experiments may allow some aspects of terminal devices to be optimized for a given set of conditions. However, the results of these experiments should be expanded to include actual ADL and subjects with amputations.
CONCLUSIONS
In testing, heavyweight power and spherical grasps were improved by the use of a passive four-bar mechanism at the point of contact. Conversely, precision grasps were worsened, not because of the four-bar adaptation but because of the lack of a high-friction surface on the distal end of our prototype. Further research is needed to determine improvement or detriment in precision grasps with four bars attached to the distal ends of hooks. We recommend that future prototypes have the oval opening or lyre-shape characteristic of the Hosmer hook and highfriction surfaces on the distal tips. We also believe that some degree of passive adjustability to the shape of the grasped object is desirable.
